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STRUCTURAL DAMAGE DETECTION USING

VIRTUAL PASSIVE CONTROLLERS

Jiann-Shiun Lew*

T_:nnc_s_s_:_:Stat_: (_?niw:r,_'it_/, Na,_hvillc:, TN 37203

Jc_-N _m Ju_mg $

NA$_zt Langle:y Rc:,_ea'rch Cc:'ntc'r, Ha'rnpton, E4 230'81

Abstract

This paper presents novel approaches [br structural damage de_ection which uses the virtual

passive controllers attached to structures_ where passive controllers are ener_v dissipative

devices and thus guarantee the closed-loop stabi[it.y. The use of the identified parameters

of var%us closed-loop systems can soh;e the problem that the reliable h_ienti/ied parameters_

such as natural frequencies, of the open-loop system may not. provide enough h]%rmation %r

damage detection. Only a small number of sensors are required for the proposed approaches.

The identilied natmal fl°equencies_ which are generally much less sensitive to noise and

more reliable than the identified mode shapes, are used for damage detection. Two damage

detection techniques are presented. One technique is based on the structures with direct

*R_esearch Professor, Ceni;er of Excellence in ln[orma_bion Syst;ems. Senior Member AIAA

1Principal Scien_u]st, Str[_ci;ural Dyna.mics Bra.nch. l'bllow A[AA



output feedback controllers while the other technique uses the second-order dynamic feedback

controllers. A least-squares technique, which is based on tile sensitivity of natural fiequencies

to damage x_.riables, is used for accurately identifying the damage variables.

1 Introduction

Reliable and efficient techniques fl_r health monitoring and damage detection of large st.ruc-

tures, such as spacecrafl_ and aircrafl_, are essential for safe operation, maintenance cost

reduction, and failure prevention. In the last decade, various vibration-based methods have

been proposed [1-61]. These methods are more globally sensitive to damage than local-

ized conventional methods such as ultrasonic and eddy cmrellt methods [7]. However, the

vibration-based algorithms developed so far cmmot be considered very efficient and effec-

tive. Fbr example, the widely used finite element (FE) model-update techniques [1,2] require

many sensors co measure mode shapes, but. the number of sensors is limited in practical

applications.

In general, the identified mode shapes are nmch more sensitive to noise and environ-

mental uncertahlty than the identified natural frequencies. On the other hand, the natural

frequencies are sensit.ive to structural damage, such as st.iffness loss and cracking. Thus, the

identified nat.ural frequencies are more reliable for damage detect.ion than the identified mode

shapes. In real applications, the identiiied natural f_equencies of the open-loop system may

no[ provide enough information for damage detect.ion, because the number of the reliable

natural frequencies may be smaller than the number of the possible damage elements. "lb

soh;e this problem, some researchers have proposed the use of the _:"l'win" structmes, where

a structure is attached to the tested structure, fbr damage detection [8,9]. The concept of



physical att,achmelltof st,ruc(.uresmay limit, the application of this t,(.(,hnl.lUte.

Ill this paper, we usethe natural frequel_ciesof the closed-loopsyst.emswith v]rt.ualpas-

sivecontrollers [10,11].Reeent.ly_varioustechniqueshavebeendevelopedfor the applicat.ions

of passivecolltrolIers [;10-15].When a virt.ua[ passivecontroller is applied 1..oa [lcxl..lc sl.ruc-

tur% the system is ahnost always augmentedwith damping regardlessof the syst.emsize.

In theorv, no matter what happens,the COlltl< l[t:r_ wl:liel:l rcscl]lL [(.s mass-spring-dashpot,

won't, destabilize the syst.em because i_ is an energy dissipative device, h] per%rmillg the

damage detection, the virtual passive controller only uses the existing control devices aud

no additiolm[ physical elements are attached t.o the system. The proposed techlliques have

the advantages of flexibilit.y of controller design a.ud placement..

In this paper, two damage detection techniques based on different control techniques

are proposed. First, consider only the direct output feedback, implying the absence of

the dynamics in the /_edback col_croller. In this circulnstance, the llulnber of [Jle natural

Kequencies of the closed-loop system is the same as that of the open-loop system. Second,

assume that the %edback controller col]I_ains a set of second-order dynamic equaI_ions. It is

equiva.Ieut to visualize a virt.ua[ passive damping svsteln_ i.e. the [_edback cont.rolIer_ which

is [inked side by side to the reaJ flexible body. In other words, I_wo sets of secol]d-order

dynamic equations are coupled t.o generate a closed-loop system. The uumber of natural

frequencies of the closed-loop system is the summation of the order of the open-loop system

and the order of the controller.

In on-line health monitoring, first, system identification techniques are used to process

° • °_ •(experiment.a[ data t..o obt.aill the ld(.lltfl](. _tnat..ural frequencies of open-loop and c[osed-[oop

systems. Then, a least-squares technique_ which is based on the sensitivit.y of natural De-



quenciesto the variablesof damage,is usedfor detecting the damagevariables. Examples

aregiven to demonstrateand veriflythe presen[edapproaches.

2 Direct Output Feedback

In this section, we present a damage detect%n algorithm that is based on a system with

a direct output feedback controller. In the alm, l.ysis and design, the second order dynamic

equa.t%n of structura! vibration is used

M:ii i D2 _ Kz B_,

y d:_2 t C,._: t 6',-iz.

(l)

Here :r is an n x 1 displacement vector, and M, D, and K are mass, damping, and stiffness

matrices, respectively. In dxe measurement equation, iq is dxe q x 1 measurement vector,

and (i_,., (Z,; and C_ are acceleration, velocity, and displacement influence matrices. The

measurenlel_t equation may be used eictler directly or indirectly for a feedback controller

design, tlere we use the diree[ feedback, and die input vector tt is

(3)

Substituting Eq. (3) into Eq. (1) yields

(4)

In this paper, the changes of the identified natural flequencies of the tested system are used

for damage detection.

To illustrate the approach, consider the eigenvalue problem of a second-order dynamic

system without a damping term. The eigensystem of the open-loop system can be written



as

where c_'o.iis the ith nagural hequency corresponding t.o the 'it.h eigenvecgor 0i, and z is the

vector of damage variables such as the stiffness losses of elements. The r-dimensional damage

vector z is defined as

where zi is _he ith damage variable, for example the value of z,/ is 1 when the/th element

has 0<,)Gstiffness loss and the value of zi is 0.5 when the ith element has 50(/_., stiffness Loss.

The natural frequency vector of the open-loop system is de[ined as

i,,, .. . j .a¢ o ,:woi c_,o2 . c_'on iT (7)

There are _t natural flequencies f()r this second-order dynamic system. The number r of the

damage variables may be larger than _... In this situation, the use of the natural f_equencies

of the open-loop system may not provide enough information to identify the r-dimensional

damage vector z. To solve this problem, keg us include the identified natural flequencies of

the _n. closed-loop systems with different direct fi2edback controllers. The eigensystem of the

jth closed-loop system is expressed as

, j 2 _ , ,-J ._., : ....

where , 'j is t.he -it.tl eigenvalue of the jt.h elosed-k)o t) svst.em. Mi: and /{i: are mass andCO'C{ ,, ,

stiffness matrices of the jth closed-loop syst.em, respectively. Each closed-loop system has

'n natural frequencies. _Uhe natural [requeney vectors of these m closed-loop systems are

computed as

• ,1 ,1 , 1 1 7'
co c j0Jcl Cdc2 ... _Ocr_]

0j<2 10Jc21, 2 2 T......,.1 (9)



, W_ , ,'iT?' ] r
ut..c2 . , , _cJcr[j .

Then the sys_.em nac.ural fl:equene T vector, which includes the open-[()op system and the m

closed-loop systems, is defined as

(lo)

b¥om the Taylor's series expansion, the nat.ura[ frequency vect.or a: can be expressed as a

function of damage variables

(:1:_)

with

A

&oo Oa_o Ooso

0_ Oz2 " " " Oz,.

23z_, Oz_ " " ° 23z_.

: : '. :

(12)

_)::I Oz2 " " " _)zr -_

where A is the n(m t 1) x r senMc.ivity mat.r]x of nac.ural frequencv to damage variables.

,__nslt_l\,lt_x, of tile closed-loop system can be enhanced by choosing feedback controllers

ill6]. The nmnber m is chosen to satisf) _the inequation

n(m t 1) 2 r.

r _ • { ]I hc linear approximation of b_q. t11, is

(14)

Eq. (14) can be written as

- c_tz, AcJ.



The least-squares techniques can be used to obtain the approximated solution of Az as

Az _ (A'rA)-IA"r'A-o. (_(5)

To detect the damage variables z_, i 1,..., r accurately, we apply tile following procedures:

function of the updated z,.,e_, where the hfltial z_e._ corresponds to the healthy structure.

2. Compute the difference between the identified natural frequency vector col., which

corresponds to the tested system, and the updated vector co(z.,_.,_) as

.'2._CU tMt -- CU(;:"ne,a, ) .

3. Compute tile sensitivity matrix A(z,_,).

4. Use the linear approximation to compute the updated variables

Az (A'rA)-_ATA'_ (is)

Z,ne, w Zol d i L_Z.

5. Check if ]Az[ _< precision error specified.

(719)

(a) _%s, stop (b) No, go to 1.

The parameters used for damage detection are not limited to the identified natural [re-

quencies. Fk>r example, consider an n-degree-of-fleedom spring-mass system with single input

and I displacement outputs. The trans[_r ['unctions of the open-loop system are

k b_vj(_) ._ ..-,_, j 1,2.... ,z, (20)• ,i _ t c%i .....



where gj is the transfer flmction corresponding to the jt.h displacement, sensor. The param-

eter vector of this open-loop system is defined as

The dnu{mlon"_ s" of the t_'aram_,t"• e:,_vector po is (1, i 1)n. We can also m"c_lu&_ the parameter

vectors [,_,.j 1.... , m corresponding to t.he m closed-loop systems, and then define t.he

svst_el]] t 8ral]]Ct :,1 vector as

The augmented parameter vector p can then be used for the identification of the damage

vect_or Z.

In the l<,a,__-,.quar<,_ procedures, the updated variables in Eq.

[17,18]

'$new Zol d " (_/!.._Z

with

(]9) can be computed as

(28)

Az (AT A)-IA'r'A_,

where c_:is tt_e learning rate [117], wlfich is chosen to make tt_e difference between the updated

,_, and the identified oJt smaller. In the design process, we choose controllers and the number

of the closed-loop systems to make ATA hill rank wid]out ill-condition. Other opthrflzation

/echniques, such as Newton's medlod and Conjugate Gradient medlod [17,18], can also be

applied to compute the solution of z and solve the problem of the singularity of ATA.



3 Controller with Second-Order Dynamics

In this section, we present a damage detection method in which the feedback controller is

described as a set of second-order dynamic equations

(24)

(28)

Here z_: is the controller state vector of dhnension r_,_:,and M(:, De, and K): are the controller

mass, damping and stiffness matrices, respectively. The quantities M_, D_, Iq=, Co.,, C,,,

and (;:'_,:are the design parame{ers for {he con{roller. Let the input vectors ._1.and .u._ be

Q'dc;l:c"8 _]c Cvc:rc _ (26)

Substituting Eq. (26) into Eq. (1) and Eq. (27) into Eq. (24) yields

(28)

\vhcre

M_
......B_(7<_ M; ' I D.....B_:Ct

(29)

f-

K _ / K - B <;%_

L-B_Ch K_:
(80)

In the controller design, M_, D_, N_, 62_, Cd_, and (2:'_ are chosen such that the dosed-loop

system is stable [10,11]. This dosed-loop system has n +'n,_ natural frequencies. For damage

detection, we use the identified natural frequencies of m closed-loop systems with different

controllers, where the dimension of the controller state vector z(: is assumed to be a constant



n_ for shnpHdw of present,at, ion.

systems are computed as

_,l [cjt, cJ , ,,_ l'r(:2 "'" _c,'n.+n_]

2 2 . 2 2 7'
co;.: [5C;cl arc2 o . . Cdc,ntn_.]

']'he vect, ors of natural [requencies of t.hese rn, dosed-loop

(81)

372 , 7t'2 T

CUe2 " " " u%:,nt_.--I "

tctm< t asThen the natural frequency vect.or of the m closed-loop systems is ( _ _ _(

where w' is a vector of (n + n,:)m dimension. To find tile solution of f-dimensional vector z,

m ne(,'{ts• to satis_ the following .... inequality

_Ib obtain sohltions of the damage variables z.i,i 1,..., r, we use the identified natural

['requencies of these m closed-loop systems and apply the leas_-squares technique in the

preceding section. The identified natural frequencies of the open-loop system can also be

included for damage detee@)n, and the parameters used for damage detection are not limited

to the iden{i[ied natural frequencies.

4 Spring-Mass Example

A spring-mass system with two-degrees of freedom is used f'or the study. First, the results

with t.he direct, output fbedbaek are presented. Then, the results widi the dynamic feedback

co")nsroll<,r• are discuss( d.

lO



4.1 Direct Output Feedback

Consider a spring-masssystem with two-degreesof freedom illustrated in Figure 1. Tile

dynamic equation o[ this systemis

_rq 0 :'r.'.'1

0 rn,2 :'r.'.'2._.

kl J k2
$

.T.1

.T.2

0

:1
(34)

kl k2

/ u

Figure 1: Two-degree-o[-fleedom sys[em

Ta.ble 1' Parametels of the two-degree spring-mass system.

L-....
31: ':0 so l

Table 1 lists t.he vahles of the ['our pa.rameters of this system. Ushlg the displacement.

measur<,m<mt"• a,t :r_,,,,the input '_ can be e:,xp_essed_ _ as

_z .....cx2. (35)

Subst.itut.ing Eq. "_'"(oo) into Eq. (34) yields

(36)
-h2 h2+cj L J_:2

In this example, the results are based on the analysis of the open-loop system and three

closed-loop systems with different output feedback

] I



In t.tle first, case, each parameter (rn,i or £i) has a small reduction of _,_7.o/0 To find the

solution of these fbur parameters, we need to use at least two systems, since die open-loop

,._vstem__or each closed-loop svstem_ has _9natural fl:equencies. Table '-)_shows the results _,_,h-e:,n

the natural "_ ' "_"h_..lmmCl(.s of the opel>loop systeln and t.tle closed-loop syst.eIn with the first.

tt 9{;Jcontroller are used. In this minor damage case, ea.ch parameter has a reduction of ,,.-/c..

Each parameter converges t.o t.tle true one wid_ a negligible error in one it.erat.ion. When

the natural frequencies of the open-loop system and three closed-loop systems are used, the

results are the ._am<. as that in Table ')

Table "2: Case ] Results from opel>loop and olle closed-loop systems.

iteration No. r1_ rn2 kl i k2
................................................................................................................................................. + .............................

1 '2.9940 0.9980 49.900 i 79.840

True 2.9940 0.9980 ,19.900i 79.840

Table 3: Case '2 Results.

iteration No. m.1 _n.2 kl i k2
1

2

3

4

4.2087

4.8997

4.9985

1,5595

1,9251

1,9980

30._oo

30.001

30.000

53.115

50.324

50.001

30.000 [ 50.0005.0000 2.0000

5.0000 2.0000_IYue 30.000 50.0 00

In the second case, each parameter has a significant change, rrh changes fl:om 3 to 5, rr_2

changes flom 1 to ,.,'>_:1 reduces from 50 to 30,. k,,. reduces flom 80 to 50. Table 3 shows

the results v,h_nv_ the natural frequencies of the open-loot._ system and the first closed-loop

system are used. Each pa.ra.met.er converges to file [rue value after 4 it.erat.ions when all the

parameters have significant changes.

]2



4.2 Controller with Second-Order Dynamics

k l k2 ks1 k c2

Figure 2: Two-degree-oftfreedom system with a two-degree-of-freedom dynamic controller

Consider the preceding two-degrees-of-freedom syst, em with a t,wo-degrees-of-freedom dy-

namic controller as shown in Figure 2. The second-order controller design in this case is

simply.,

(37)

where the controller dynanfic equations of 2;_n and 2;_:2are solved by

The dynamic equation of the closeddoop syst.em is

717,1 0 0 0

0 v_2 0 0

0 0 0 rn,.2

_2

_!{'c2

+

hi + k2 -k2 0 0

-h2 h2 + kcl -k,::l 0

0 0 .....tq_2 k,_2

(ss)

2;1

2; 2

2;c1

2;c2

This closed-loop system has 4 natural Dequencies, so only one closed-loop system is required

I h :. results are on[or obtainh_g the solution of [our parameters. '_ e based the analysis of two

dosed-loop systems with different controllers having the parameters list.ed in Table 4.

Table 4: Parameters of two passive dynamic controllers.

J
?r/,cl j TRY<:2 _cl ]('<:2

........................................................ + ............................................................

C,ont,. 1 5 i 3 200 100

Cont. 2 1 i 3 50 80

13



In the first case,the parameterchangesare the sameasthose in Case1of the preceding

direct output feedbackexample. Table 5 showsthe results when the natural flequencies

of the first closed-loopsystemare used. In this minor damagecase,eachparameter hasa

reducCiol_of 0.2(/_:.Eachparameter convergesto the true onewith a negligible error h_one

iteration. When the natural [requenciesof both closed-loopsystemsareused,the resultsare

the same as thac in Table 5.

Table 5: Case 1 Results from one closed-loop system.

Table 6: Case 2 Results.

3

4

(_as_ 2 of this example, each parameter has a siKni[icant change, which is the same as the

"_ S • _) " •C . _ x ) .5one in t,a..sc _ of the dlrc_t output feedback examt 1¢_. Table 6 shows the results when the

natural frequencies of the first closed-loop syst.em are used. All the parameters converge to

the true values after 4 iterations when all the parameters have significant changes,

,, _ •c " Y_ accurately identify theComDa.rin._ the results in Tables '-) and 5, both tc_hmqu_b can ..

• odamage variables in one itcrat,ion when the parameter changes are insignificant. From Tables

14



3 and 4, both techniquescan suceessfifllyidentity the damagevariablesill a few iterations

when parametershavesignificant changes.

5 Euler s Beam Example

z

• 3 _ 15

Fi_(u.re 3: Ca.ntlle_.(,r:,d"' ' •• e _mler" ;s beam

The second structure used fbr study is a cantilevered aluminum Euler's beam, as shown

in Figure 3. The length, width, and thickness of this beam are 1, 0.0254, and 0.000635

meters, respectively. The study is based on the analysis of the finite element model of this

beam structure [19]. For the structural damage_ we consider the stiffness loss of 15 elements

of equal length from the fixed end to the free end. The damage variables z_{ 1,..., 15_

which correspond to the 15 elements, are 1 for the healthy structure. If the stillness reduction

of the {th element is a_'/_, then the value of z._ is il-0.01a. _k)r example, the value of z,_ is 0.5,

when the stiffness loss of the -fth element, is 50?(..

5.1 Direct Output Feedback

In the direct out.put, feedback example, we use t.wo displacement measuremelitS located at

positions 3 and 15, respect.iveIy. Tile first closed-loop system has the collocated output.

[cedback controller at position 3. The second closed-loop systenl has the collocated output

]5



feedbackcontroller at position 15. The natural frequenciesof the first 10 modes of the

open-loopsyst,em and tile two closed-loopsystemsare usedfor damagedetection.

Table 7: _'(Jas<1 Results.

iteration No. 1
.......................................................................................

zl i ,0000

z2 i ,0000

za i ,0000

z_ i ,0000

zs 0.99800

zs 1.0000

zr 1.0000

zs 0.99800

z9 1.0000

zlo it .0000

_:n 0.99800

_q2 1.0000

_1:_ 1.0000

z14 1.0000

zls 1.0000

rlI rue
..................................

1.0000

1.0000

1.0000

1.0000

0.99800

1.0000

1.0000

0.99800

1.0000

1.0000

0.99800

1.0000

1.0000

1.0000

1.0000

r 1 • Case ],Iabks 7 and 8 show the results of damage detection for two different, cases. In _

elements 5; 8 and 11 each have 0,2% stiffness loss. The solution of each parameter in

the [irst iteration converges to the true one, The results in Table 710 show that all the

parameters converge to the true ones after 5 iterations when fi elements have significant

stiffuess reductions.

16



it,eratJo_lNo.

z1

Z2

Z5

Z6

Z7

zs

Z9

ZIO

Zll

Z12

Z13

Z14

Z15

0,9670

0,6375

0.9802

0.5084

0.6846

1,1144

0,9174

0,6405

1,0857

0.8670

0.8522

1.0392

0.8776

0,o,' 13

0,9764

1.0101

0,686,1

1 .(}(}23

0,6(}12

0,7523

1.0388

0.9801

0.6925

1.0284

0.9488

0.8255

0.9948

0.9682

0.6071

1.0153

3

1.0018

0.6980

1.0(}46

0.5989

0.7981

0.9950

1.0017

0.6993

0.9975

0.9998

0.7970

1,0039

0.9952

0.5997

1.0053

4

1.0000

0.7000

0.9999

0.60(}(}

0.80(}(}

1.0000

1.0000

0.7000

1.0000

1.0000

0.8000

0.9999

1.0000

0.6000

0.9999

True

:1.0000 :1.0000

0.7000 0.7000

1.0000 1.0000

0.6000 0.6000

{).800(} {).8000

1.0000 1.0000

1.0000 1.0000

0.7000 0.7000

1.0000 1.0000

1.0000 1.0000

0.8000 0,8000

1.0000 1.0000

1.0000 1.0000

0.6000 0,6000

1.0000 1.0000

17
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k c3 k c4

Figure 4: Cantilevered Euler's beam wit, h passive dynamic controllers

5.2 Controller with Second-Order Dynamics

Two passive systems, which are spring-mass systems with two-degrees-of-freedom (Figure 4),

are attached to positions 3 and 15, respectively. The results of damage detection are based

on the analysis of two closed-loop systems with controllers of different designed variables as

listed in Table 9. The natural Dequencies of the first 12 modes of two closed-loop systems

are used. In Case 1, elements 5. 8 and 11 each have (_, 0 2/,_ stiffness loss. Each parameter

converges to the true one in one iteration, and the results are the same a.s t.ha.t shown in

Table 7. The resuh.s in Table 10 show thac all the parameters converge to the true ones after

5 itera.tions when 6 elemetits have significant stiffness reductions.

Table 11 lists the first 10 natural frequencies of the open-loop system and the [bur closed-

loop systems, which include the preceding two closed-loop systems with direct output Iced-

back and the preceding two closed-loop systems with passive dynamic controllers. The

natural frequendes of the [irst 3 modes have relatively signi[icant changes when the displace-
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k_2

]Q3

]Q4

Controller 1

0.08

0.16

0.24

0.32

Controller 2

0.32

0.24

0.16

0.08

70

140

140

70

140

70

70

140

iteration No.

z1

z2

&;

z4

Z5

Z6

Z7

Z8

Z9

Z10

Z11

Z12

Z13

Z14

Z15

0.8916

0.9711

1.0211

0.6541

0.9504

0.9890

0.7979

0.4471

0.7410

0.8122

0,74571

1.0017

1.0535

,=7c ( ""

0.99{)4

0.9(500

• _,"e(t.6%

1.0596

0.6397

0.8848

0.9576

0.9494

0.(_455

0.8829

0.9416

0.7{_28

0.9552

1.0141

0.6_145

1.0583

3

1.0015

0.6933

1.0036

0.5975

(_91o

0.9887

1.0072

0.6984

1.0012

0.9989

0.8034

0.991_i

1.0042

0.5922

1.0335

4

0.9999

0.7000

1.0001

0.6000

0.8000

0.9999

1.0000

0.7000

0.9999

1.0000

0.8000

0.9999

0.9998

0.5999

0.9984

1.0000

0.7000

1.0000

0.6000

0.8000

1.0000

1.0000

0.7000

1.0000

1.0000

0.8000

1.0000

1.0000

0.6000

1.0000

_rkle

1.0000

0.7000

1.0000

0.6000

0.8000

1.0000

1.0000

0,7000

1.0000

1.0000

0.8000

1.0000

1.0000

0.6000

1.0000
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I ablc 11: Natural frequenciesof varioussvst,ems.

i I 0,2314

2 1,4571

3 4,1401

4 8,3103

14,1_98

(J 21.9843

7 31.9425

8 44.1603

9 58.5049

10 74.492 ]

Open Direct 1 Direct 2 Dynamic 1 Dynanfic 2
i

0,407,l

1,3465

4,3181

8,2954

14,2440

2:1,9771

31.9397

44.1765

o ,.o056

i 7,4.5023

0,9297

1,8906

4,4665

8,3300

14,2698

22.0034

31.9570

44.1789

58.5024

7,l A978

0,0385

0,6854

1,5921

3,5606

4,6111

'T(_Q,.&)0

10.0531

15.8172

20.7861

28.6436

0.0o _b

0.5064

1.5126

3.5784

4,7958

8. ] 083

C (_(}')

16. _,;9o

22.0:166

26.3393

ment output feedback is used, meanwhile the natural Kequencies of the high frequency modes

change little. This may limit the application of the d.irect output feedback approach since

noise and environmental uncertail_ty may have significant effect on the ident.i[ied natural

['requencies of die high flequency modes. All the natural flequencies of the two closed-loop

systems with passive dynamic controllers change signil]cantly.

The advantage of direct output feedback technique is its simplicity because the feedba&

controller is directly from the output measurements. The use of the controller with a passive

dynamic system has t he following advantages: (ii)flexi bili ty of a([justing natural frequencies,

(2)variety of choice of passive controllers, (,3)increase of Cite number of the eli>calve natural

Kequencies, wlfich are reliable in the considered low flequency range. In real applications,

we can combine these two techniques and use the advantages of bodl techniques for damage

detection.
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6 Conclusions

This paper presents novel approaches for stru.ctural damage detection by adding virtual

passive controllers to structures. The controller is passive in the sense that it contains mech-

anisms that serve only to transfer and dissipate energy to the system. Stabilization can be

accomplished by a controller with gains interpreted as virtual mass, spring, and dashpot

elements. Both damage detection techniques, which are based on the direct output [_edback

and the feedbad_ controller with second-order dynamic equations, can efficiently identif} _

damage in the presented examples when the damage variables have minor as well as sig-

nificant changes. In this paper only the identified natural hequencies are used for damage

detection, since the identi[ied natural frequencies are generally more reliable t ban the identi-

lied mode shapes. Only a small number of sensors are required for the presented approaches.

The advantage of direct output fhedback technique is its simplicity. The technique with the

controller of passive dynamic system has the advantages of flexibility and variety. In real

applications, one ma.y combine the advantages of both techniques for damage detection.
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